
APPROVED FOR
, PUBLIC DISTRIBUTION

MASSACHUSETTS INTITUTE OF TECHNOLOGY VLSI PUBLICATIONS

VLSI Memo No. 89-556

September 1989 AD-A216 777
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Abstract

Most optimization problems in layout have been shown to be NP-complete, resulting in
researchers abandoning the search for optimum solutions even for small-scale problem
instances.

In this paper we transform various NP-complete problems in layout, namely two- and
multi-layer dogleg routing, two-way partitioning, one-dimensional and two-dimensional
placement, into Boolean satisfiability problems. The transformations are efficient in that
the number of inputs to the Boolean function, for which we have to find a satisfying
assignment, only grows linearly or quasi-linearly with the layout problem size. These
transformations also produce a minimal-sized Boolean function, in order to speed up
satisfiability check performance.

We apply sophisticated test generation and logic verification strategies that can be used to
check for Boolean function satisfiability to these layout problems. We present experi-
mental results which indicate that problems of significant si-e can be solved optimallv using
this approach. This approach to optimal layout is considerably more efficient than
cxhaustive search.

Further, we show that this approach to layout optimization offers an elegant means ol"
rcprescnting and searching the entire space of feasible solutions in an attempt to optimize a
complex cost function with associated constraints.
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Optimal Layout V1 ia Boolean Satisfiability
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rotiiig Attl ilacemietit trolits oif sigiiiiatt size r-ail lie' soli-i "I'll
,%ost otiizai7ttilt ptrobilems ill lavotit tar bee-n sliowit to lbe NP- tlally uit~iig this approlach. A trcivial exltatist itt searcit tttt'tliodt is It
cot pi~ e. rest ii hg i i reseachiers a hatdoiing (liet searchI for opt initoini feasibl te fit , th i g bilt Ntrr smiall pr-olemits. Thus,~ Jill, Appiriah to
soltitiltos reii for smtall-scale probllem it qttattes. optittial la'.oti is coitqitltratl% mtort' elliiti thait exhlatust 't seAt(1'

Ili hlis paper. ice Iraittforin vagrioris NP-coimtplete probtlemis itt l)tcittt. lit Sect inti 2. filt Algorithmtts we rise fotr tire H( mo.lealt sat istiali i ,
nattiel ,it 1to Anumll i-lay, er (dogleg chtanniel routinug. two-way partitiott- are lirietl% detscribe. I rattsfortnia rollis for routing atnd pilacement eiii
tug. orIie-dititeitsiotial aild it irr-dimiitsioiial placemuentt itto Boohip stil letits to ljoolcati fuittiOtt sat isfialtilit % are dl'scriblitt i Setri iotis :I ai 1,
fiahblly tprobletms. 'Ilte t ratsforttatiotts are eliciet ill that thie iitler We describe ittlttttelletttat ott details, 'atld gist- prelimmttark expt-rtti.la
of ijiptJtt to tir Bt'Iooleatt ftttct jout for which we htave to tiitd a sat isfyitng results ill Sect iott T.
Assignmt.~t only gi-ttt.s ltiittii tic qttti-Iiitearly with tile lartt tico6-
1itt si* 1TesetIra tiiftirmiat~l ot5Also produitce a itti nai-siA :c oolcatt

funtion lftlde tospe tu satisliability. clierk perfortmance. 2 Checking for Boolean Satisfiability
Weas, trlistcatled test eiterttott atil logic verilicat itit strate-

giecs itat rail lie itse( I t titec k for Btoolean fit itctott satistiablit% to these lThere' are sesecal %%a~q thtat a florlcati fittirt itti tall It,' cb-k-rI fior sal
fa - itilt ttollls. We. Isreset expterimttt'al resuilts whticht itidicat e t tat isliahilitr . It is tiot our purptose hee fto retik Illt "Xies%. i lit orat tie

ton of ,igniifirniot si:t- t it 1 siilccd opt iiauy isig this Apptroachi. ott flit' sitljeit atttl ltettce we fottcis ott t% Ot lartitilar I -clititliis thtat %t-e
"It his Apptroachi to opt imtal la.%out is coitside rabtl.\ iore effjicint i than ex- exper imtted i withI.
uaiistis. seatcli. Otte tmethtod of clteckiiitt o lsoItgic f'ir ions fotc cq~iftisattr- [:t ils

Flitit ir. %%e shout that t his Applroach io la~ nil otiitaiion oilers a:t fortits t Ite giselt logic fittc iu'tit miiticti l -i-Jill')i-itt at iott kiutos i a,
i-liga t i teaii of rept-eset intg situI st'aclii IItg fit ctirrc spat-c of fenst- Iti iar D ec isiott DiagramIt5ltI)l es its.'If I 1)1-ao H I, tpi-sit ialiiiia
6tf soluittots ill alt At temptlt to 0oltil itZt' a cotittfleX Coat futict-joti11 With grapts of logic fi ticis ciioii logic filcilforeit l'lne

aso~atd olsram"tf/ii BI)Is. biecotmes mterel\ a graph isuuuioritliisii riterk. %liliI rai It,
performted it little lintear lit tlie size of tle 13D),. Alstt. a logic ftit-

Introduction (iol is satisfiafble if atiul iioll if its IItI is not Ill, Iit- l l tt D Ille1 n r du to cottst rtttiout ofa lilti atil( its redilitott it a catiitic;l ro~ has ths

Cast' expltiitlial cottittlexils. %thich Illat feqiftt Illwasollattii,- olloitllo
rlIearea of lasotit tesignt Antt s.%ilhcsis is richs inioliitizatiotii plt emtl'is. of ('I'tl tittte Awl tttcttocm. Ilt~isss . lflD lt as' h,.it ronstiioo,di it,. Pllacieent ftilobtitt imioket finintg lttat iont., for %aritits miodles 50 As se'veral cases for f'itrtiiton I dt oser a Iittitdii itipii- ;at.Il a ... IiIiia

tot tuititiizi- a gorn i-it ob~-cis fitiitIt,. Mchrl reflects the ittt .rrottttect gates. itpitih tg t tat sat isfiabilit% clteckitig for large fitit itisi pii--iki.-
cimifle\ii% of fle. ilArcl itohilles. (dst',t a ltlacet'ttt of mtoduiles. tite s-ia this Iletliith.
lirtiliit of rotlit h is to mtake t Ite rettitirenl cotmtectiotts itt nitiiiinuin Atnt lit-c t.-cliiie. [A)] ttse, test gciie-ati ot algitrit tilt like t T liiii i
APA ria(o ettitittrate. ti ollit-tf-pirodutct, form1. ili. (tNsii itr li-, 0h- - -1 '4

I ithont ittatel'. mottst pilat -itteti andi rottt hg probiletts ltate lieri t lit gis i-ett lttgic fitlitt iott. I f I Il sitti-ilpro fItitli Int forIit, to I t) %-"i-1 oI
shtownt to bet NPI-roittiplt'te. 'Iltis htas led rest-archers inito abattdonting a futtct itit is tittll. it titeatis that tlile fittictiott is niti satlifile. el-h. it Is

IItsatIt for opt ititiil soitli ttseust't ftor sitall--,talt' problemi inst aitres. sat isliallde. 'Iliis tilt orI rdoes lot rtiftiiri- largi- amititti s i tieiiioi\ -m
011t 1 ti-ctIati Asatto's optitlititi oric-tlittetuittmal ftlacttettt algorifttt 11 ft'e (lit4 titte reqtiiretttt-tit call grout% e-xponetnt talkx sit Ii I I ii l- if

ind opittttt Itifart it. I'L- fiiliig tecitiiites 151, tltere Ilta.-, bien a iiitmits it, lie prbe inst atnce.
id-alIth of algorutlitus that gitsailte glitlal opt imtalt for lasrilt prisl-

N% Jill (oittthli c r5 it-outg ottsist ctt l attrh sigmii~ictl faster at each 3 Channel Rout ig
iteti gi-iterat iuit. it is our Iti-lef litat N P-ritilileit . tjit ittlizatiott prolltto.o

ofa sigitilicatit sie. calt he, solsi-il ii att 0111ittal way. withI r'astiale
i t tlte eX~j~~iettIi i.'. -lII bus ie.fst uJ1it5froJJ iitett fa t t latI es.eit ttouigh 3.1 Introduction

lie- ltst i-as.' Iwi-foi at- of i-xart algoritliutis for NPtroittlete prolt- lftle rtoitttg prbe it ittitgrat i-i circuit H( It) litt i, to ri-ali a
letuis gitti t-\loitntiallk isithI prioblemt size, it practice clitie a few oif specrified itltercotiti.rt ion, aittng mtuililes lit t s,,itahll i at-, a, isl.
tthese pruilil-il tas,- licet,, slto\%t to l6e attt-tafttc tot alt -itelligtt exact ltamuuw- miltinlg itusiles rotit a pvc~iillil le 1- el i~kvllI li, ilts
sitltit ittl 1fioht. e.g. liraticl andi tiotiu ltclttiiutiseseti for larg- scale oftriacos clme.
pritfil ,,lsialtres. lf alt ititelligit titetlioid. we Itteat, a tmethotut hat (Itaittl rouititg has- feiett Itic oilj~tif i\.-st.~ li-ialt i. 11, 1-
pitlltl Ifw s pari-ai-e \%itltiiit sairihiritlg oplitalit) y It txpliliiu (Ite of a cliatiil rouh-c is to roite A tiartictihai iliattii Ili a 110 I
itaittif oflii- hcitl Ili awtl ilit' strttctttrtof the tritliltt itstatc. 'Iris ial 0 P1101a ~A. .gtlmIa, r)o Ii.

t'h -iit earclt itteiltim ae a worst -CAa attdalt empiricaliuliet if ltuiritiifl tcks. If esir(1,11); a n t i olhi.t ti-- I to is-h
Ilal,-Niwni-. l- related toprobiletm scale. las,-r i-laitl rittf tg le-g. [211- Ilie- ilgit it tilts ti-ultii i tl

Uellr.larjte-scale iitstatcts, of several NP-complete logic sltit it'. - 11ltI%\I1
515 ithiletts. hut aful\ ie ttf two-Ilevel Boolait iitiitizat ott. Hlolt'alt ttl piractice ', lttt arc luturist tc atti offeir limited-i gitarauttetsq as ,ibi
alitiluigs attlsa thAIMItulit%. Itave beett solved itig exact. alfbeit very .1uialily of litve filial ritle.

soptlisticait-il Algorithmtts. For (let ails. tlte reader is referred fto 13] 1 8.I '~ It.' %\iritig tlo-l list-ilt cliatiil rrte.rs assumles ithat each fat-
( (].ritits it A lititcilar iliri-ctititi. ice. eilI-i lit i/it.At or %ertucaL hIis

iti ti aper, we t raisfor,, variots N P-romtllte prtobletms it, lasritit. crttstraot is soltetittiws relaxed (As tit 121 atti 19)), ill ordtr ci ihitait
iiaritl% tic0  -t,!~ :iilti-imett dtigltg d-iatticl rrowintg. two-WAY piarlo, htet t er Rolii is.
MRg. or iit-reli-tsiit:,l attd twio-iitetusiottal pla-emtetnt into floolfnti salts.

Ji al'hyt p~rttltem s. IlieI it-ailsfi ritat irmtts are etfic iettt lit t tat tIt't ie mit thuc 3.2 Channel Rto ut ing Basics
of it lilis to I lie Booleatn fit ot .i, for wih Iet hiavt' to fi ttd a satisfyittg

rsiitu-t.oi1y i-tt-s ltiiat-ly or qiu.tua I ill th flayIsout ;trtil- r;is-et V tietIs tot It. ritteid. -A.e It Ate to ptlatt- i-.sI w I,-i w AIII itI II nI I Ii
It-it size. Tile ituitttec of gates lt tle Booleant futnctioni. rsuslting fruit, tntutifer of tracks. Hiptre Arc tao tistitict t\ pes otf -ii'i lls IitIhat liasi-
this t raitsforttfot is also titrttttal. lThese t rattaforitat jolts, allow tts to bi- Accotmitiileil a-Ittit rootitng tiets. If %ue t-fin lt i-, initerval oif

to ahltl)1 SOptiSt irateI test Ketterat tt atlitd logic verificaioiti sf rat egits; a Iltt as /(I) = 1.I,}. Miert' 1,I is lit.' huuttit iol, I- It.. left list,
that calt lie ttsed to check for B-oole'an futtct iott witsflabtljty to layoit

is.. iet lw tetiti qtua.lite"t t. s~ituif a sfloqfti gt-ttt jiur... t..i M-esi .. o-n



right moswI I terminial the net ls to bie conniectedl to. tile', if. is clear that I* Gisen a cllaillel. we rait l 0)1 5il lolwer 11(11111)ital I hi, ilolilc Ilf

ies %%il intersectinig ijitersals cann~ot be placed oil the samle row, tracks requlired] to route it all fl~e basis of Ill,. IlaximulllII d,'iisti
A mecoiid ts, pe ofcollsirailit is related to the wiring model used and Airross all columnis illI tie clallel as, %w-Il tIlo, logei plt III I i

dleals %%lilb coluln-lii-II reiat iouhillis lbetweei op~ts. If a net i s con-~ V(C'. 'IWe irst at Iemil toI findi Ai role ill A nlIll-l lif Ira, ks e-il
necled to tile t)p terinlal At coliii c And net j is connected to thle to thep IllAJXililliIl Of I liese lisa IldIRS. llalllh 1).
boltolil teiiilal at flie samie column~l c, thlenl ie require net ito bie
pllacedllaolr net j. Ii order to miake tile vertical conniectionls. One canl 2. 'by to l'llll a satin g assigllll.-ll for tile Ilolall fimciim olI
derise a Yerti( C .(onist rainti (riaph I \'t'G for alix gi eil chlannlel. that resplondling to 0111 lln tile clialol I ll 1) tlacks. If Ilo, salisliailIII
reprcesenlt- all %ertical collstraitlts betweein iiet. chiecker does not1 tetlllilate "Wit illi A stIleliedl Jiloloill (01 1 111,' 4llS_

[it til' simp~tlest forml of rotut-ing. eachl net is realized As a unibrokenl clI oilii thle search a111 go to Stiep :t1s. if a sat sfsilla assigl-

hlorizon~tal segml.lt Aidegree of free'dom thlat call be utilized to ad- Joel)t[ is fallidl. w* liase foulnd a rolile Ii 0) tracks. If'a sts' n

sanitage Ilils Ii doglgqisq a nl. i.e. bireakinlg a let into (two or miore) asigillolit s hlO
t 

po115.ib111' go to Stepi 1.
stbiit at its terin~tal polsiti1111. lioglcggittg call redtice tile nutmiberl
of tracks requ~iredi to miake' a rouite. 3. 1) = 1) + 1. G~o to Step 2.

If all satisliabilits checks tecliliatI', i.e. are 1101 disconltinuled. tii''i

3.3 Two-Layer Channel Routing Via Boolean Sat- the procedullre abovesI guarantees alrl 1ililal rlliiig. All tile ult orl A
subset of lets call bie lioglegged milially. to break cycles fin thle \('( 'I

isflability t eue(i ogs -i
G;is ci a ci a Ii iel. tilIC f0 oll ting prllocedu re conistructs la a Iooleali funlctiln
suhl tilal if tile funlctioll is satisfiable. thicit it iiiplies that tlie c'liiei 3.5 Improving Satisfiability Check Performance
call lie rouitedl ill Vi tracks. A sat isfyiiig asignmllent for the Blooleanl
flllct(ill (iml bet isiaill Il\iatltled 01110atrouteiii V tracks, If the Booleanl It is of great impjortan~ce t hat Ill', liol~IalI flllct loll produlced %i mIIt,
fllctill i. not1 satislialile. it impiglies that 110 rou~te iii < D. tracks exists logic gelicraltio liroceditrI. V. bei A5511s sm l lil.*l a. -1b, II h- 111 um C[~ if

unde11r t lie chiosenl %%iriiig mlodlel. Szyllallki [11 f]tralisf'orled thle problleml illpll to f I ile lBooleall f'lllct all isA N F l(xj21 )) 1. Mier' Yi I tile'
of :-l. isfiabilits itto olle of chlatnnel rouitin~g Ii ordler t.o prove thiat illoliler of liets ill tire cllanli and11 0) i till, lnluiler of targeltd tracks.
chlanll routling %%as NP-coilplete. Here. le are itlerested ill tile reverse Thie traullsoritiactiti is e'fficienlt ill thlat ill' Illuliler (if inlm111to /) ' oiil%
Irati1~for hationl, grows imleal %\it[ iitn Illulmler oIf acts., I lill alIl~lolol 'If logil Kelleral I'll

isdll'ollllnt oil flit,' lrolinl iulsalcI'. Ca large ilwliI of lets lmertapl.

1. Each, let i. las Ili = r iot(l 1)11 Booleanl ariables Associated we %till lace a large amillt o~f 11gi l'orrep~olldilg to Fl,. 1.

%kill) it. nl~t-I % 1,I. -,,. .. r-p' Thlese variables are hit sectors Sinice tile > op~eratcor imi"fiCSti $ otperato~r. if 11111 mlerlappiulg lets
that correspondl~ to tile track numbliler otito whlich tile let will lie hase a dlirectedl pail ietwe.'it eachl lotdwr Ii ill'- \ I(. \%,' ao lnlt ha\,1

pliacedi. Thi e-l SariabIlies are illpuit s to tile logic fu nctioii that will to geiiera IC lolgoc corres 111111ii g to flit- Fills. I fortIl' I l ets.
liC caiist rulel. Ill Step1 3I of thle logic gelierat 1lo li l'cr of Sect 11113It. redlll.

11511 edges ill the \( '(; arc relilmell. ;o as to llilllll ll.'till alltiotl olf

2. For each net pair I. jt. if Il i) n 1j) A o. genlerate the logic logic genleratedi. If ilese rellillulalit edlge arl' 1111 remloseli. ici\ WIll
fuiict lols5 w IIOICblow: correspiondi to reduIl llaolt logic Ii F'.

Il'r11 + f', 2 ''' + .+ I + (I exist. Ior itfistlle. if ill aud Il 11 are 1110 lllllltIl hil-\pct(Irs. %iI-

wilere 4'is tile exciiisise-or lllIIleatl operator. Thle ab~ose e(11a- W,~ lillilolli~e flit, set of 1il11l1 ihI.5'llIl' Ilsilng a 1,% 1..lesl IHolvillI

Ilolls relpresetI ltile ('(IliraitftI t hat nls wsitlI intersect ing ilitersals lIIIIiI~ er like ESl'lHS5() [it0], 'i a tlo redu llit i Il-~r itf 11115. 2
Cannotll ie plt~ace'd Oil thle samie rolw. hIi, lha.s to oulk lIe dlone once fllr eadi sai'iaImhiI% clieck.

Ai ll jue mp-it iala,'r'1 l's'lta of11 lI [n1. *2 l(l iII 111 6, used 1 mI aI l

3. If D < 2('. hlen aribitraril v pick 2'" 1) (distinict hit-sectors of illmlillr Of illusCe crole' Atnl/or lets. \\,- lilk till' 2'' - P) hill Ilts

lenlgthI P. 'These bli- sect ars "'ill correspond to untused rows. W~e do w it th Ile largest dec imial ia lu C. In,,st ail hf gelli'rat illg i III I Slily ' Iol ,

:lot %%alul ally lets oil thlese coils and lurcle we genierat~e the logic we ge'nelrate logic cotrreslIolllilg to till roli ol*i living I( illillg ai 1,11

below. for each etadeach unusedl bit-sector [c, r2..]p. reolrl,edform (cue' of ha fII 'i btilit 111'traol'slSyI tl'.Ill' l l

+l 4'l' + 112 +' C2  + ..- + ',p + cp (21 and genlerate logil' oil for the lets at till liilt lesel Ill Illv t ti

Ebills. :1 are Stored ill a c011t110ct folrmll illI111 lt \A11les 1f1ll/p. ItI.

it solli e nloted that ci. .. cp are constaints with values fo hI 1. 4 ar e tO'ii aels i111iou folaros ) a 2.i il ial'i lil 1i-e'I''1 11111

-1. liemose l'luodllait ed~ge, f olll tlie1 \*'(;. For inistanlce. if t here Are allI outpul~t %atiallil's wileilecer ilecl'sar.

el' li IltWi'l nlts i and j, iAnd S.- all(l j Andi I-. the edge betwePen l' I I 5, le-eleli frontl til ) 111oI hillom~ as iii'ii A, fromllt1 ilI-itootl

I 5111 A' its reltioel. For eachI edge lietiseelne li aiid net j ill the to thie tl. 'File lesel fr0o1t flitlt' 1 Alt~ bllomll lot vach1 leI retllt.S'l
geneate he ogiccorrspodingto:the rnge of row piosit ions thlat a let catl (llcllul. 11' ,tt, I' is tle i'el

\'('I~ gelleatl' he logc corrsilI~l~lili to:from1 tile t)i (biotloll for let I, andl thllre are I? thms. thit tile rmll

12 'I > (3) . .. of a nl lis I(lit hI'i tile closedl mllerial 1? - 11, - 1. 1it). Ilitlim lilt,
2 131 tile vallues thlat fltl Iloaleai iaiatul's r', , if lnet I calt taki'. \\e lilI lite

Fo om."e .fi oi illliC rows ranlge fror ieaich tlt And set til, applroplriate %ariale Ill ColiislOit

or 10ti a Il I -tI' rflre 'Il = I andi vL2 _='0 *fitv Illooler ofiill lls,

5. otist rutc t a Booleall fuinctiotn F that is tlC con~juncietioii of Eq us. elff te . beiely rdue d I ilI IIl 21.
1.Eqs 2 and Eqis.3. withI inputs t,k, V I, k. Check I' for 'Ihese St epis art, sitally essenial to soliilig large prob0lems1. as 1 Ind,11

satlsfiability. catedillii Sect otIl 5.

A bit-sector correslpollds to thie row inimber for each net. W~e hase 1) 3.6 Representing Feasible Solutions
possilile hit .ectors t hat rail be assigned to thle nets. The logic getter-
alll(d il tile alI Iov' proceiur Itr as a olte- to-one correslpondenice wit tltIle I 'oust rItill ug a HI'ioary Dec isito D Iiagram t i DD11) repiresenlting the1
coliqtrallts described ill Sectioii 3.2. Booleati fulitoll corret'sin iif tIltll rhllitallilt Of A eliallel lit 1)

tacks. is a means11 of imlplit-tly 1111 esilalstiieis seArhing till lllSilil'

Tbeorem 3.1 : .4 ronl sinmg :S D tracksa fneil if and only of theC feasible solutions1 tob rout ii (hei clialimll ill I.) tracks.
Bootra fnctoy coisracedby he boe pordur i saisiabe.'I'lie 131)1 offers a cliimpact relii'etvltat ill o lilt. ON/C) FI-sqloa
Boobnllftiil'Ioit onsescld b theaboe prc~dtec alufiabe. ooleali fillct ioot. Each ilititerIl II il' ON-set correipoil It, 11 1111

feasile~ rouite ofthle chlannlel in D) tracks. Iol\i 'I. 11111 i Ihe lili l'f
3.4 Finding An O~ptimnal Route iieirmtt ill file ON-set cati lie expolitil ill till lllillllr of inll,,lt tol

'I lie pirocedurle descr-ibed allaows us lit (lerilliie whethIer or not a clial- ft fllChl 111. thle size of tdie 131)1 itself (cll lii' slilali - tIllis is lll'lallst'

tiel is roltable ill 1) tracks. TO 111111 All opt1iiial route, we repeatedly 4T~' ~K t - It, 1tiltM I'mtI Sigs Iwt.5'5ll 'I ll Itl
apply% satisiAbility chiecks as; described below. liX ntil i m l~l
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each~~~ Aiiien co111poid to a l It ithe B31) 1) firom t he froot to g etol hi rorsisl i 1c2,ligtletretdcs il efw. leaf. Iti fact. several tiititii s. foriiigi a rube. call correspond t.o it fittict jolt hfat is sat slialile (I hat correslioi, *:o all oiiiptimini larl it oill

siingle pathi. The titittber of pathus ilay. be ext reinely large, growing However. good lower btoundis dto tot exist for tihe part it liligK proilleiii
exltoleinlt ail% withI tire inumbier of edges~i i te BUDl. unlike chtaittel routing. Thlerefoire. ".' filld a goodl upper Il,w U',-

If on. is target jug a cotttplex rost funtct ion. inclIuding a relatively situ- usinig the hteuristi fcntrlliit of [71 aid( progr.'ssiseI' do'o-as Ii, b t -
pieitttittttl.- rak sluton.titit ne aitsilipi serchthi coitiaci get-ed cost. Cr.~ legiliiliig frotin U,-. till %%,' eicotilter a logic ftirimi

repireselittatioti oftite elire space of feasible soliitiotis to select lite test that is II(It satilifal. 'I'lt. CI -' I- i ilie cost of tlie o1 tiiiiiii pal Ii.
"oltin ountdter (tli cost fictiott. A exaimple would be tiiig-driveil lionr. '[le decretmenit Itt ( ~is refled io irobilem sir.': for "utiah prolli'i
routtitiK. where thle leiigti tof certain letls rteeds to be smiall...Mittimitit- (Ti erttitdlyIa ahps.fi agrlrl.l itai.~

track solui tis cani be coitipared Against each other t.o fid t-le one with Cri Iimne %Ia ai as o agrpoln
ire idesiredt lilolerts. decreiienit greater ihan uilt is uicI

'lT.' logic getierat ioii procedure fot- two~w~i%; uiform ila rt itiiiting I,
dlescribled below. Thel~ l rocedliie r.'i.'ies tIll, g'raph and~ a ta;rge'tedl ioi

3.7 Extensions to Multi-Layer Channel Routing (,T, As itiptits. .% is the tttitibec of iiol,s IIII lie graph.
and Other 'Wiring Models 1. Eacht tiode E G,. has P = [ log2i A 11 Bhooleani sarialiles, assiicialie

lie jirocerit- cati be exteitred to tire itilti-laYer rouiting case, for a witl, it. tatels '% ,t . r,2... i',p. Iies.' sarialiles are h)it \efloir,
giselt layer-directioil cotiiguiratiott. For examiple, if we have thIree Isv- whose P-1t It it rorrestitti to Ilite tartmo Itol i which filie tii, %% III
eis. otie Cali perfortil a VHll roite or a HVH frotite. For sittiplicity fi be plhated. Tere are two tlist ltd tartitlots corrf .ottdiiig Il.- it/ I
descriliit. we %%ill ittdicate ill tlte sequel how optimial VHV AtdliVI vlalites for each of tite r'p. 'I lies.' %arialt' are iliputs to th, loic
routes call be foittd %ia l300leait sat isfiability clieckitig. However. thre funictioit (ftat a-ill lie coitruct .d.
logic gilln'rat ion proced lire call lie generalized to > 3 lay ers. 2 o al oi'lari eteaI'ii'I gi-f i osso ili.i

Ili t ire case of VIhS routitng. t here are ito vertical ronst railtts bet weeti
nets ai ie hetorizontal segmit s cailt ly be oit otie layer.- Therefore. I, lj I + r", -'IJ 2 -+ . + I

ire logic getleratiolti procedutre of Sectiolt i.3. is titchiatiged, except that
3qi.. are liot gettecatell: thre VC(' is igtioredl. Altere -' is tlt,' excltisise-or liiii,aii oipe-ratir. I li' at)" iiii. I'm

'Ttr' 11511 case is niore coitplicatecl. 'T'he lo%%er boutttd otti HV1sII rotitiog repiresen~t. ill a comptlact stay. t he. Coinstrainit of tiidiri " u I t:iiiiiinx.

is .1/2 where i/is thre ita~xititlttin ilettitv across lite cHaiimel. We cati place tlIA'ls0. thtat 11,111 = 111AI. %%.' will ha%, \ /2 i 1%li' lo, PI'-li
a net oi two possibIle lionizot ial lav ers. We. All a v ariable 1, to eachl itet bit lt&s tilie sal ii. I atl 12I nodes %koa liisi ti ll Ihas I~ ai' sa (i t

Ithat correspotids to thic la.%er t hat. lie let is ott. 1, = I itiplies thiat.
let I is layer I aitid 1, = 0 iiiplies tllat net i is ott laser 2. 'Iwo lidls 3. If N5 < 2P. ti,'il 1,irk 2p' - N' distil, I ,q-niiiial l it ,, .,,,i

'Oh I itliersecittg ittiervals hiase to be oit dliffere'tt rows or oii differettt of ligti V. I'lies~ it-sectors %, ill coirespowiI. ioiiii,'d col,s f,,r

lase . ' calt %i rite (i e tiodes.

+i +Zi, .. + ,'+., + 1 , +~ r4i - '2 4.- r2 +- ,I. (C

iln correspilitce to F'.is. 1. Fir. .3 are tttcliatiged for tilIe HII A inf11ti ae r.. parniw %ilkli,( f1

case. ilwe sv'rtical cotistrainits Ilase to he olayed. Uirused bit'sectors; 4. For each edlge illthei. graph. %te 2.'ii.'rat,' logic iio i'rl.r if (It,- e.'

also lias. to lie iatitdlld s% i ts 2. is a crossing e'tge' or noti. If 'I.. I he wi'iliil I, II,, edge I, Added-i It,

If tle 1.1 flte two lasers is dilferetit. teti we choose f-lie track the cost( U. \%e roitstruict lie Bleh'an tiitiii
rotiut such I tat we htave III + .12 = d hiorizointal tracks Asailable'. r. "whe,,' d, (d,) is tlie itiiber of tracks oil lax .r I 121. 1 '1~. ........ 7 " l .lt ~ .
hter of sariailles sse requtire ( e othler illall tite layver sariablel is
1) j oyj( J.-.5 1.11. /121) 1. \e will has.' 21' - utsed biti-sectors
for laser I aid '21' - dt Iitised bit-sectors for lase %,r 2. where 4.' atid( I are t lie tode's coiic,'i led I, l-. dy' I , ii.

55'i I fotir or mor. ' aers, we a-ill htase sertical contst raintts hetweeni t lie atviglt of edge 1 Iie. a operat or rep rise ii a simpleh. [for oi Ill
tiets if t hey ate oil Ilie samoe laer. iltl 11ot if tlti'% Are oil differenit layers. tiultilhlicaiirol. Ilihere Ilie secroiii .upe'iaii is a singlie titl iil Ail.

A techltite which has beer; llseh sttcce-ssfully to rotite chatnnels 'wit It Ithat Catt take' ott liIte sali.' It or 1.
cyclic V(; (91i is toi break cycles it liIte Sf '(. rotifte ( lie chiatitel accord-
ittg to tlite acicli,- SA t; antirle a niaze colIter to miake the rollltectiotts 5. Ihepresettt flt. roltstrailt that tite cost has t ie le' .ss tI.ii -Ii 'la

colrrespondtinig Ili thei edge's that were ititialls, rettosed frotit tite \'.to tlei targ.'tedl cost .
'The it aze riter itse- a timort' flexible wirintg ittodel Atnd is etficieil f or <

ire siiiall timiiiter of cottiectioilts thlat catt he mladle. W~e call ulse lt.'
iecliiitii. tdescribtedIli (his secioni to perfitrni att ttiial rote for tile 'IIll, is Ii,' colliiple.'ii..ii offdie > iplpat dl'riilii'd l i p tliii?'.
acsrl-ic V1 (;. rathter thall tlte Ileilcstic strategy iisei ill [i9]. sertlolt.

6. ('oitsrict A Boole'an ftitctoi V ithat is tlli roimil (it -Ii

4 Partitioning and Placement stsiliis

4.1 Introduction Theorem 4.1 I piii'tiei i 1h reit < r .ists if aiii md1 if Ii,
LlB0,t 11.711 i'liii cotill'I byi 1h ffi /, ah' 1""i osfIii, sIi ati/ialb

S,'s.ral ll.lii't problemis lanit Ie ,'lici.'ittly% Iratisfboiet inito Blooleant
'.ai ,fialii\ prohblemii andt stdsel exactlly, lit thiis sectiott we describte

'Ifal riiiatin ros fut I ii..la' tart itlitig. As well AS otIe-diilietisiotI 4.3 One-Dimensional and T'.. o-Diinensional Place-
aciii i s.,ii''it.ulllace'iitt proletts. All tltese traitaforitiat iotts mxent
Ilauis tire pniptrt ithat lie ittititlie of iliputs to tile corresponding ' i rbe foi-ii~iira ! ei'fgll 't 1111,7
Bootilean in tct iou grolls' quai-litiearly witht probletize ti-lie toa ll,'ll Itttllo iii,I I li., e'u ii ga.still af li iiiiliiuil''

or ioutiiizatioiiatill cottst raii iti I. iti ltgtlls has A sei\
4.2 Two-way Partitioning forttilat co it)I that altlle. I%,' Nts. Io,2 .I 1variabiles , ' tI -Iit

1 lie proibltett addrlcede~ here is tite classical graphi partitionting probletti. placettetnt is represt'it ed 1,, the, stunt of th Iin et ietigt hs. tmtctclik illii

t ii, A graph 6.11. I aitit we'ightIs ott its edges. partitioni time niodes EA11. 7.
of G. jitto 1150 stilgraplts AI Atil B, sttci that (lte cutiiuiative weigt. of Ill tawt-tlinlelsinal pl~scettlel. till.'r a gis.'lu Aspect ratII0. Ike' %%Ill
edlges across fipt pacltoit m1 ittittituitii. Ileiuristic algorititnis; have bent htave twao sets of sariahles corresliotichitg ti fit Ii and~ 'N rdliiiiial- i'or
proposied for this tro!:!eit leg. [711- Hlere. a-e are concertted with A eacht itet. 'The c-1 is calciilaltl as A f'ictioiu of l f iis iof %arualie-.
,rioc.',le that gita r alees tlte titiiittiii soltiitt. li thIe seqttel. ae IThese proli il ,Art' iitriitistcall.la i idifclt I iall rotiillig ii pall I

%%ill de'al ait Ii iitiforit. tIwo..iav part it ionliig. aWter.' !1,411 = lIBIl. fitr tioliilicol ' %. e. feel, Atltsa'.t that sattsialtilits cee,i'l.r Ilti'
sitlillicity. Ilo%%eser. t ite procedure call easily Ie genieralized to the Lte todcevelort. ilI er. so As to beablle to sol. e large t w-,illi'ltilio'll place.
ion.Iitiftirtics.ietlp tileuis Ilowteser. litgl ctnisl ratiitid Ilac.'.l.'t prolem.lsi (nit

.' 1tcall geitera te a Booleait fiticljoltsitci that if atid only ifthte ftt tic- he qots el oli Iti l.. es eti Ito%%, sit tre COtIlarIii, pr.cld [ t .tlie h.'gahIti x,.
litt ts satisfiable, a-ill thIere exist a p)artiliolt of (lite niodes. V- E GA. Ithat a Isn' Spaie of s(11111tons.. lha" a ctist < ('r If onte calli olaitt a lower botitd . L(--. onl Lite cost of -
ire opt itiiitti parlt it ith len we call use tile st rategy of the previotis 'B 8 -qii-itisi - iiia.. flt,iii d'eati, i.I.'wii .I -I'iwt'si-
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